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Phosphorylation of histone H1 is intimately related to the cell cycle progression in higher eukaryotes,
reaching maximum levels during mitosis. We have previously shown that in the flagellated protozoan Trypano-
soma cruzi, which does not condense chromatin during mitosis, histone H1 is phosphorylated at a single
cyclin-dependent kinase site. By using an antibody that recognizes specifically the phosphorylated T. cruzi
histone H1 site, we have now confirmed that T. cruzi histone H1 is also phosphorylated in a cell cycle-dependent
manner. Differently from core histones, the bulk of nonphosphorylated histone H1 in G1 and S phases of the
cell cycle is concentrated in the central regions of the nucleus, which contains the nucleolus and less densely
packed chromatin. When cells pass G2, histone H1 becomes phosphorylated and starts to diffuse. At the onset
of mitosis, histone H1 phosphorylation is maximal and found in the entire nuclear space. As permeabilized
parasites preferentially lose phosphorylated histone H1, we conclude that this modification promotes its
release from less condensed and nucleolar chromatin after G2.
The nucleosome, the basic chromatin unit, is assembled by
wrapping DNA around an octamer formed by two copies of
histone H2A, H2B, H3, and H4 proteins. A fifth histone, called
histone H1, packs the chromatin by contacting internucleoso-
mal DNA and the nucleosome particle (50). Histone H1 is
formed by a globular domain flanked by a long unstructured
C-terminal portion, comprising almost half of the protein, and
by a short and also nonstructured N-terminal domain. The
C-terminal domain is enriched in basic amino acids that inter-
act with the negative phosphodiester charges of DNA through
S/TPKK motifs (26). The globular portion contacts the core
histones and the nucleosomal DNA (3), favoring chromatin
compaction, which prevents the access of chromatin remodel-
ing factors and therefore restricts transcription and replication
(10). Fluorescence recovery after photobleaching experiments
have shown that the chromatin residence time of histone H1 is
much shorter than that of other histones, suggesting that his-
tone H1 dynamically associates with the nucleosome particles,
contributing to several nuclear processes involving chromatin
condensation and decondensation (10, 31, 36). However, when
histone H1 is absent, chromatin decondenses (20, 47).
Histone H1 is phosphorylated at the N- and C-terminal
domains in a cell cycle-dependent manner (22). The number of
phosphorylated residues is small in G1 phase and starts to
increase when the cell progresses through S and G2, reaching
a maximal level at mitosis (28). Histone H1 phosphorylation is
required for DNA replication (24), and protein kinases that
activate replication also promote histone H1 phosphorylation
(1). Histone H1 phosphorylation affects the heterochromatin
structure (23), DNA repair, chromatin remodeling, apoptosis,
and cell aging (29, 49). Histone H1 phosphorylation is also
involved in chromosome condensation during mitosis. In the
absence of histone H1, chromosomes of Xenopus laevis eggs
become elongated, and segregation is defective (33). The phos-
phorylation at the T/SPXK motifs in the C-terminal domain of
histone H1 by the mitotic cyclin-dependent kinase (30) is re-
sponsible for its dissociation from chromatin (26).
The use of green fluorescence protein (GFP)-histone H1
fusions revealed that phosphorylation increases the dissocia-
tion of histone H1 from chromatin (8, 12, 16). However, it is
still unclear why histone H1 phosphorylation is maximal at
mitosis, when chromosomes are highly condensed. One possi-
bility is that phosphorylation promotes histone H1 dissociation
from chromatin, allowing the recruitment of factors involved in
chromosome condensation (4, 5). It was proposed that chro-
matin-bound histone H1 prevents histone H3 phosphorylation,
which would capture factors required for chromosome conden-
sation (27).
We have found that in the flagellated protozoan Trypano-
soma cruzi, the agent of Chagas’ disease, histone H1 is also
phosphorylated and becomes weakly bound to the chromatin
(34). About 20% of histone H1 is phosphorylated in exponen-
tially growing cells. Interestingly, the histone H1 of trypano-
somes lacks the globular domain, and their chromatin does not
form 30-nm fibers or condense during mitosis (43). In addition,
a single cyclin-dependent kinase site is phosphorylated (14).
Moreover, it is unusual to find histone H1 phosphorylation
associated with mitosis in protozoa. These features, coupled to
a peculiar nuclear organization found in trypanosomes (17–
19), prompted us to further investigate the distribution of
histone H1 and its phosphorylation state in the nucleus of T.
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cruzi at different stages of the cell cycle. Herein, we generated
antibodies that specifically recognize phosphorylated histone
H1 and found that phosphorylation is increased after G2. More
importantly, we observed an unusual localization of this pro-
tein in the nuclear space, which appears to be dependent on its
phosphorylation state.
MATERIALS AND METHODS
Parasite growth and histone extraction. T. cruzi epimastigote forms (strain Y)
were cultivated in liver infusion tryptose medium supplemented with 10% fetal
bovine serum at 28°C, as previously described (9). Parasites transfected with the
plasmid p33H2b-GFP (38) were grown under the same conditions in the pres-
ence of 0.5 mg per ml of Geneticin (G418). Histones were extracted as described
previously from precipitates of 5  108 parasites kept at 70°C (13).
Gel electrophoresis and blots. Separating gels (80 by 100 by 0.9 mm) com-
posed of 15% acrylamide-bisacrylamide (ratio of 9:1) with an additional layer of
12% acrylamide-bisacrylamide (9:1), both containing 6 M urea, 0.9 M acetic acid,
and 0.38% Triton DF16 (Sigma Chemical Co, St. Louis, MO), were prepared as
previously described (13). Histone samples were dissolved in a combination of
2.5 M urea, 0.01% pyronin Y, and 0.9 M acetic acid and then loaded after the
second prerun. After electrophoresis (3 h) at 20 mA, the gels were removed from
the glass plates and incubated for 40 min in 50 mM acetic acid–0.5% sodium
dodecyl sulfate and then in 62.5 mM Tris-HCl, pH 6.8, buffer containing 2.3%
sodium dodecyl sulfate for an additional period of 40 min. The gels were then
electroblotted to nitrocellulose membranes using 25 mM N-cyclohexyl-3-amino-
propanesulfonic acid, pH 10, containing 20% methanol at 20 V for 12 h. The
membranes were stained with 0.1% Ponceau S in 3% trichloroacetic and
destained in distilled water.
Antibodies. Anti-phosphorylated histone H1 antibodies (anti-H1P) were ob-
tained by immunizing Swiss mice with three intraperitoneal injections, at 3-week
intervals, each with 30 g of a synthetic peptide, NH2-CDAAVPPKKASphospho-
PKKA-amide (H1P peptide) coupled to the same amount of mariculture keyhole
limpet hemocyanin (Pierce), using the manufacturer’s instructions. The first
immunization was in complete Freund’s adjuvant while the subsequent immu-
nizations were in incomplete Freund’s adjuvant. Monospecific antibodies were
purified from pooled antisera by chromatography through SulfoLink Coupling
Gel (Pierce) containing the H1P peptide, elution with 0.1 M triethylamine (pH
11), neutralization, and further adsorption with SulfoLink gel coupled to the
nonphosphorylated peptide NH2-CDAAVPPKKASPKKA-amide (H1T pep-
tide). The peptides were synthesized by Maria Aparecida Juliano (Department
of Biophysics, UNIFESP, Sa˜o Paulo, Brazil) using 9-fluorenylmethoxy carbonyl
in an automated, benchtop simultaneous multiple solid-phase peptide synthe-
sizer (PSSM 8 system; Shimadzu, Japan) and purified as described previously
(13). Peptides coupling to SulfoLink gel were made as suggested by the manu-
facturer after peptide reduction with 6 mg per ml of 2-mercaptoethanolamine for
1.5 h at 37°C and desalting. Resins with immobilized peptides were stored in
phosphate-buffered saline (PBS) containing 0.02% sodium azide.
Anti-histone H1 (anti-H1T) antibodies were obtained from rabbits or guinea
pigs immunized with T. cruzi recombinant histone H1 produced in Escherichia
coli as previously described (34). Rabbit antibodies were further purified by
adsorbing the protein A-purified antibodies on SulfoLink gel coupled to H1T
peptide. After column wash, bound antibodies were eluted with 0.1 M triethyl-
amine, (pH 11), neutralization, and further adsorption with SulfoLink gel cou-
pled to the H1P peptide. Guinea pig antisera were purified by chromatography
using protein A-Sepharose (GE Healthcare). The preparation of rabbit antibod-
ies to histone H4 acetylated at lysine 4 was described previously (13). Rabbit
antibodies to T. cruzi amastigotes were provided by Mauro Javier Cortez Ve´liz
(UNIFESP). Monoclonal antibody 2F6 was derived from BALB/c mice immu-
nized with a T. cruzi cytoskeleton-enriched fraction. Spleen cells were fused to a
myeloma P3U.1 cell line. Hybridoma and cloned cells were screened by immu-
nofluorescence against T. cruzi epimastigotes (see below). Culture hybridoma
supernatants were used in the experiments.
Immunoblotting and immunofluorescence labeling. Nitrocellulose membranes
were treated for 1 h with 7% nonfat dry milk in PBS and then incubated with the
indicated antibodies at room temperature. After 2 h, the membranes were
washed with PBS, and bound antibodies were detected with the respective anti-
immunoglobulin (Ig) coupled to peroxidase (Santa Cruz) and chemiluminescent
substrate (Pierce).
Indirect immunofluorescence experiments were performed by attaching 2 
105 prewashed cells to glass slides, and fixation was carried out with 0.5 to 4%
p-formaldehyde in PBS for 20 min. The slides were washed three times with PBS
and treated with 0.1% Triton X-100 in PBS for 5 min. The slides were then
incubated with the indicated antibodies diluted in PBS containing 1% bovine
serum albumin. After 1 h, the slides were washed three times, and bound
antibodies were detected with the indicated fluorescent conjugates in the pres-
ence of 0.01 mM 4,6-diamidino-2-phenylindole (DAPI). Vectashield (Vector
Laboratories) was used for mounting, and the slides were visualized with a 100
oil immersion objective (1.3 numerical aperture) in a Nikon E600 microscope
coupled to a Nikon DXM1200F camera. Images were processed for color using
Adobe Photoshop. When indicated, the images were observed in a Zeiss Laser
Scanning Microscope 810 confocal microscope using a 100 immersion objective
(1.3 numerical aperture), and images were processed using Lasersharp software.
Fluorescence quantification was done using ImageJ software (http://rsb.info
.nih.gov/ij/). Nuclei were individually delimited, and the mean labeling intensity
under subsaturating conditions was previously determined using a limiting
amount of anti-H1T or anti-H1P antibodies. The pixels per area were normalized
to absolute values for each antibody to compare the variations. A Student t test
and one-way analysis of variance followed by a Bonferoni posttest were per-
formed using GraphPad Prism, version 3.0, software.
RESULTS
Generation of antibodies specific for phosphorylated his-
tone H1. Several studies have shown that histone H1 phosphor-
ylation increases as cells progress in the cell cycle, reaching
maximal levels during mitosis, when dephosphorylation takes
place (22, 37). To determine the moment in the T. cruzi cell
cycle at which histone H1 is phosphorylated and to localize its
phosphorylated form in the nucleus, specific antibodies were
generated. For this, mice were immunized with a synthetic
15-mer peptide corresponding to the N terminus of T. cruzi
histone H1 containing a phosphate group in the serine previ-
ously identified as the unique phosphorylation site (14). Spe-
cific anti-phosphorylated histone H1 antibodies (H1P) were
purified after elution from a column containing the above
peptide, followed by adsorption through a similar column con-
taining the nonphosphorylated histone H1 peptide. As seen in
Fig. 1, these antibodies recognize only the slow-migrating band
in acid-urea-Triton electrophoresis that was previously shown
to correspond to the phosphorylated histone H1 (34). Anti-
bodies to the recombinant histone H1 recognized both forms
of protein, although with higher affinity to the nonphosphory-
lated protein.
Anti-H1P labels predominantly nuclei of cells in G2 and M
phases. Exponentially growing cultures of T. cruzi presented
heterogeneous nuclear labeling intensities when anti-H1P was
used, suggesting that labeling varies according to the cell cycle.
T. cruzi cell cycle stages can be recognized based on the num-
ber of flagella, nuclei, and kinetoplasts (the mitochondrial
DNA of trypanosomes) (17). The G2 cells correspond to those
with one kinetoplast, one nucleus, and a short additional fla-
gellum (see black arrows in phase-contrast images). Mitotic
cells contain one nucleus, two flagella, and two kinetoplasts,
and postmitotic cells have two nuclei. Figure S1 in the supple-
mental material shows that cells in G2 and mitosis and those
that had just finished mitosis were intensely labeled. In con-
trast, cells with one flagellum, which correspond to cells in G1
or early S, were weakly labeled. The specificity of these reac-
tions was ensured by the fact that 1 g per ml of H1P peptide
inhibited the fluorescence of anti-H1P while more than 100 g
of the nonphosphorylated peptide was required to prevent
labeling (not shown).
To verify whether the weak labeling was due to a lower
expression of histone H1 or to a reduced level of phosphory-
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lation, the cells were simultaneously labeled with anti-H1T, an
antibody prepared against the recombinant H1 that recognizes
both forms of histone H1, although with higher affinity for the
nonphosphorylated histone H1. To better distinguish cells in
G2 (two flagella) from G1/S (one flagellum), the preparations
were also stained with antibodies against the flagellum (mono-
clonal antibody 2F6). As seen in Fig. 2, similar labeling inten-
sity for anti-H1T was observed in G1/S, G2, and M cells. Cells
with small nuclei, shown in panels a and c, were practically
undetected by anti-H1P but were labeled by anti-H1T. Each of
these cells had a single flagellum and was probably at G1 phase.
It should be mentioned that histone H1 synthesis occurs
throughout the entire T. cruzi cell cycle, with some significant
increase in S phase (40).
The intensity of labeling per area for each antibody was
independently quantified for a total 194 nuclei at different cell
cycle stages. The labeling intensity was measured under sub-
saturating conditions for each antibody, and the values are
expressed as arbitrary units. As shown in Fig. 2B the labeling
increased more for anti-H1P than for anti-H1T in G2 and M
cells. The ratio of phosphorylated versus total histone H1 was
higher in mitosis (Fig. 2C), confirming that phosphorylation
predominates in mitotic cells.
Histone H1 is dephosphorylated at cytokinesis. The quanti-
fication analysis also suggested that histone H1 is dephosphor-
ylated after mitosis. To better visualize and determine the
moment of histone H1 dephosphorylation, an antibody that
reveals the cell shape was used for counterstaining. In cells that
have just undergone mitosis, nuclear labeling with anti-H1P
remained high (Fig. 3A). However, it progressively decreased
as two cell bodies were formed (Fig. 3B). This result indicates
that histone H1 dephosphorylation starts after mitosis and
progresses until the completion of cytokinesis. Interestingly,
the localization of both forms of histone H1 did not match the
DAPI staining. Histone H1 was found predominantly in chro-
matin-poor regions, which could be better observed with the
progression of cytokinesis, when histone H1 staining becomes
constricted to the central region of the nucleus.
Histone H1 is concentrated in the nucleus interior in G1/S
cells and spreads in G2 and mitosis. As shown above, histone
H1 in the late stages of cytokinesis and in G1 cells appeared
centrally located in the parasite nucleus, a region known to
contain the nucleolus (19). To explore this issue, anti-histone
H1 antibodies were used to label T. cruzi cells expressing only
a short portion of the N terminus of histone H2B in fusion with
GFP, previously described to be targeted to the nucleolus (18,
38). As shown in Fig. 4, H1T was enriched in the central
nuclear region not completely coincident with the nucleolus in
G1/S cells, with a weaker labeling distributed throughout the
nuclear space (panel a). In G2 cells, as defined by the presence
of the second flagellum, H1T labeling was still observed in the
nucleolar region. It is also apparent that the nucleolus de-
creases in size in G2 cells (panel b). In mitotic cells the H2B-
GFP fusion dispersed, suggesting that the nucleolus disassem-
bles. In this case, histone H1T, which also labels the
phosphorylated histone H1, was found occupying the entire
nuclear space (panel c). Figure 4d and f show the double
labeling of H2B-GFP and anti-H1P. In G1/S cells, phosphory-
lated histone H1, detected upon high exposure, was visible only
in the nucleolar region (panel d). In contrast to H1T, the
labeling of H1P increased and spread within the entire nuclear
space in G2 (panel e). Fig. 4f shows a cell in early cytokinesis,
strongly labeled by H1P still in a dispersed pattern, with the
nucleolus starting to be reassembled. These images suggest
that most of histone H1 is concentrated in the nuclear interior
and that when it becomes phosphorylated from G2 to M, it
spreads to the nuclear space.
To confirm whether phosphorylation of histone H1 indeed
changes its localization, confocal microscopy analysis was per-
formed. As shown in Fig. 5, G1/S cells show a high degree of
colocalization for the H1P and H1T labeling in the central
region of the nucleus. In contrast, cells in G2, which still have
most of H1T associated with the nucleolus, have a significant
dispersion of H1P. The difference between H1P and H1T la-
beling is observed in a mitotic cell. On early cytokinesis both
markers disperse.
Histone H1 does not colocalize with bulk chromatin. In
high-magnification images it was possible to observe that the
DAPI staining was different from the labeling of both forms of
histone H1, suggesting that the majority of histone H1 is not
associated with most of the chromatin. To verify whether his-
tone H1 is enriched in less dense chromatin areas and to rule
out the possibility that anti-histone H1 antibodies were just
FIG. 1. Antibodies specifically recognize phosphorylated histone
H1. Total T. cruzi histones were extracted and subjected to electro-
phoresis in Triton acid urea gels, transferred to a nitrocellulose mem-
brane, and stained with Ponceau S (lane a). The membrane was then
incubated with mouse antibodies raised against the histone H1 phos-
phorylated peptide (lane b) or with antibodies raised in rabbits against
recombinant T. cruzi histone H1 (lane c). Both antibodies were puri-
fied as described in Materials and Methods. Bound antibodies were
detected by chemiluminescence assays using specific anti-IgG peroxi-
dase conjugates. The position of each histone is indicated on the left.
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excluded from dense regions, the cells were stained concomi-
tantly with anti-H1T and with an antibody specific for the T.
cruzi histone H4 acetylated at lysine 4. This latter modification
is found in the majority of the histone H4 of the parasite (13).
As seen in Fig. 6, the localization of histone H1 differs signif-
icantly from the bulk of histone H4. In G1/S cells or in G2 cells,
even the more dispersed histone H1 did not entirely colocalize
with histone H4. In mitotic cells when histone H1 was found
dispersed, histone H4 was concentrated in the nuclear interior.
Only in postmitotic cells was some degree of colocalization
noticed. This result confirms that most of histone H1 is not
associated with the bulk of T. cruzi chromatin.
Phosphorylated histone H1 is not retained within permeable
T. cruzi nuclei. We reported earlier that phosphorylated his-
tone H1 can be released from the chromatin with lower salt
concentrations than the nonphosphorylated form of the pro-
FIG. 2. Histone H1 phosphorylation is more intense in cells approaching mitosis. (A) Exponentially growing epimastigotes were stained with
DAPI and with mouse anti-H1P and the monoclonal antibody 2F6 (simultaneously) or rabbit anti-H1T. Bound antibodies were detected with
anti-mouse IgG-Alexa 488 and anti-rabbit IgG-Alexa 555. The localization of each flagellum is indicated by f. The cell cycle stage is indicated in
the DAPI images as G1 or S, M, and PM (postmitosis). N, nucleus; K, kinetoplast. Black arrows in phase-contrast images indicate the new
flagellum. Bar, 5 m. (B) The relative intensity of anti-H1P (black bars) and anti-H1T (white bars) in the nucleus area delimited by DAPI staining
was quantified using ImageJ. In the graph, values are means  standard deviations of the labeling intensity obtained for each antibody (n  194).
The cell cycle stage was defined based as follows: one flagellum, one nucleus, and one kinetoplast as G1/S; two flagella, one nucleus, and one
kinetoplast as G2, two flagella, one nucleus, and two kinetoplasts as M, and two flagella, two nuclei, and two kinetoplasts as cytokinesis. The
observed values did not allow us to compare the absolute labeling of H1P with H1T. (C) Ratio of anti-H1P and anti-H1T labeling through the cell
cycle progression. The mean values were analyzed by one-way analysis of variance and a Bonferoni posttest with a P value of 0.001. Differences
statistically significant were obtained between the G1/S and M groups (*).
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tein (34). As the phosphorylated form of histone H1 seems to
spread considerably after G2, we examined H1
P labeling on
cells permeabilized with detergent prior to fixation. As shown
in Fig. 7, the kinetoplast and the nucleus spread, and flagella
became devoid of membranes after detergent treatment. By
observing cells with two flagella, which were in G2, we found
that in contrast to what was found in nonpermeabilized cells,
these detergent-treated cells showed much smaller nuclear la-
beling for anti-H1P than the labeling shown in Fig. S1 and S2
in the supplemental material, which was visualized at similar
exposures and antibody dilutions. Nevertheless, the cells still
exhibited a strong anti-H1T labeling associated with the nu-
cleus stained by DAPI, indicating that histone H1 is bound
either to the dense nucleolar region or to the chromatin while
the phosphorylated form is weakly associated with chromatin.
DISCUSSION
In this work we investigated the distribution and the level of
histone H1 phosphorylation in the nucleus of T. cruzi at dif-
ferent stages of the cell cycle. By using antibodies generated
against its single phosphorylation site, we demonstrated that
histone H1 is highly phosphorylated after G2, reaching maxi-
mal levels at mitosis, as most eukaryotic cells do. However, this
observation is unexpected because T. cruzi has a closed division
and does not condense the chromatin in 30-nm fibers due to
the absence of the globular domain of histone H1 (48). There-
fore, mitotic T. cruzi histone H1 phosphorylation is not related
to chromosome condensation. Instead, our results showing the
unique histone H1 localization, which is associated with less
DAPI-stained chromatin areas, including the nucleolus, and
the dispersion of H1 after phosphorylation indicate that this
modification mainly modulates the dissociation of histone H1
from the less condensed chromatin in T. cruzi.
Limited histone H1 phosphorylation was observed in 91% of
G1/S phase cells. Perhaps the 9% strongly labeled cells could
be in the replicative stage, as it was not possible to distinguish
morphologically G1 from S phase cells. This would require
labeling with bromodeoxyuridine, which was not possible in the
present study. Acid treatment, required to detect this labeling,
totally inhibited the binding of anti-H1P. Nevertheless, these
numbers are compatible with the fact that in exponentially
growing cells a small percentage (10%) of parasites are in S
phase, which is much shorter than G1 (17), and could suggest
that phosphorylation starts in the S phase. As the bulk of
histone H1 synthesis occurs in S phase and an increase in the
nuclear size was observable, the phosphorylation in S phase
could not be confirmed. It is also possible that newly added
histone H1 was in the phosphorylated state. In contrast, 91%
and 100% of the cells in G2 and M, respectively, were intensely
labeled with anti-H1P compared to anti-H1T, pointing out that
histone H1 is clearly phosphorylated in these phases. It is
unlikely that these differences are due to the differential ex-
pression of the three T. cruzi histone H1 isoforms, as they
FIG. 3. Anti-H1P labeling decreases after mitosis. (A) Exponen-
tially growing epimastigote cultures were processed for immunofluo-
rescence assays with anti-H1P and with an anti-T. cruzi antiserum,
which labels the entire parasite. Parasites in cytokinesis (C1 and C2)
were visualized as cells with two flagella, two nuclei, and two kineto-
plasts; cells with the two flagella in the same direction are identified as
C1, and those with the flagella in the opposite directions are C2, which
corresponds to a more advanced stage. Arrowhead, mitotic nucleus;
arrow, a new flagellum; N, nucleus; K, kinetoplast. Bar, 2 m. (B) La-
beling intensity distribution for anti-H1P in mitosis and cytokinesis
stages (C1 and C2). Highly labeled cells correspond to the mean
labeling intensity found in mitotic cells, while low-intensity labeling
corresponds to the labeling found in G1/S cells (Fig. 4). The cells in
mitosis (M; n  188), C1 (n  242), and C2 (n  84) stages were
scored for high (dark bars) and low fluorescence (white bars) in three
independent experiments. Standard deviations were as follows, M, 0;
C1, 0.9; and C2, 5.4.
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contain identical N termini and should be recognized similarly
by both antibodies.
We have previously found that the cyclin-dependent kinase
of T. cruzi (TzCRK3) can phosphorylate the T. cruzi histone
H1 in vitro (14). As this enzyme is enriched in the G2 phase
(41), the present findings reinforce the notion that it could be
involved in histone H1 phosphorylation. We have also ob-
served earlier that okadaic acid prevented histone H1 dephos-
phorylation and blocked the cell cycle cytokinesis (14). The
present data showing that histone H1 dephosphorylation oc-
curs during cytokinesis imply that such an okadaic-sensitive
phosphatase, involved in cell cycle control, must be also in-
volved in this dephosphorylation.
The role of phosphorylation is still controversial, mainly
because there are several phosphorylation sites in most eukary-
otic H1 histones. Early work suggested that histone H1 could
be involved in chromosome condensation (6, 7). Other inves-
tigators proposed that it could generate chromatin deconden-
sation by destabilizing the chromatin structure (39). Phosphor-
ylation clearly weakens the interaction of histone H1 with
DNA, allowing binding of factors involved in transcription,
replication, and DNA repair (1, 12, 51). Similarly, release of
histone H1 could promote the binding of condensing factors
(11, 23).
In T. cruzi, histone H1 phosphorylation occurs at a single site
and was shown to increase the susceptibility to micrococcus
nuclease (34). Here, we provided additional evidence that the
phosphorylated protein is less associated with insoluble chro-
matin. The fact that T. cruzi histone H1 distribution is not
homogenous and differs from the distribution of other histones
could suggest that, as a more motile histone (31), it could just
be excluded from DNA-rich regions. However, its distribution
is not always coincident with the DNA-poor regions, recog-
nized by regions less labeled by DAPI and by anti-histone H4.
Rather, it is partially associated with the nucleolus, suggesting
that it is enriched in specific nuclear regions. Also, that H1
disperses upon phosphorylation and that nonphosphorylated
histone H1 does not diffuse after cell permeabilization support
the idea that it has a specific localization.
Based on the present results, it could also be speculated that
FIG. 4. Histone H1 is preferentially found associated with the nucleolus in G1/S phase and spreads in G2 and mitosis when phosphorylated.
Exponentially growing epimastigotes expressing the nucleolus tag (H2B-GFP) were processed for DAPI staining and for immunofluorescence
labeling using rabbit anti-H1T (a to c) or mouse anti-H1P (d to f), followed by an anti-mouse IgG or anti-rabbit IgG conjugated to Alexa 555.
Merged images show the DAPI in blue, GFP in green, and anti-H1P or anti-H1T in red. Black arrows point to the new flagellum. Bars are 1 m
in the fluorescence images and 3 m in phase-contrast images. N, nucleus; K, kinetoplast.
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T. cruzi histone H1 would have a role in nucleolus transcription
and/or ribosome biogenesis. The phosphorylation could mod-
ulate nucleolus disassembly, seen as cells progress from G2 to
mitosis. Interestingly, there are recent reports describing the
specific localization of some histone H1 variants in the nucle-
olus of other organisms. For example, the histone H1FO is
found dispersed through the entire nuclear space excluding the
nucleolus in somatic cells, accumulating in heterochromatin-
FIG. 5. Phosphorylated histone H1 is homogenously distributed in the mitotic nucleus. Exponentially growing epimastigote cultures processed
for DAPI (blue), anti-H1P (green), and anti-H1T (red) staining were visualized by confocal microscopy. The three images show single focal planes
containing cells in G1/S, G2, and postmitosis (PM) stages. The bars are 2 m in the fluorescence images and 5 m in the differential interference
contrast (DIC) images.
FIG. 6. Histone H1 does not colocalize with bulk histones in the nucleus of T. cruzi. Exponentially growing epimastigote cultures were
processed for DAPI staining and immunofluorescence with guinea pig anti-H1T and rabbit anti-histone acetyl-H4K4. Bound antibodies were
detected using Alexa 488 for anti-H1T or fluorescein isothiocyanate conjugated to anti-guinea pig IgG antibodies and Alexa 555 for the anti-rabbit
IgG. Merged images show DAPI in blue, anti-H1T in green, and anti-histone H4 in red. Bar, 2 m. The areas delimited by dotted lines in
phase-contrast images correspond to the regions shown in the fluorescence images.
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rich areas, while in oocytes it is located preferentially in the
nucleolus and perinucleolar sites (2). Histone H1x, a subtype
located in chromatin regions not affected by micrococcus nu-
clease (25), is also located in the nucleolus region at G1 phase
(44). In plants a histone H1 variant called p35 is also enriched
in the nucleolus (46). In yeast, it represses recombination at
the ribosomal DNA locus (32).
The finding that T. cruzi histone H1 is present in less con-
densed chromatin could suggest that it is associated with the
transcription machinery, mainly the domain located near the
nucleolus and formed by transcription of spliced leader RNA
(15), which is used as a trans-splicing donor for all mRNAs in
trypanosomes (21, 45). However, histone H1 does not colocal-
ize with RNA polymerase II in T. cruzi (data not shown),
excluding this possibility. Recently, the superexpression of his-
tone H1 in Leishmania major, another trypanosomatid, was
shown to affect cell cycle progression and cellular differentia-
tion (42), in agreement with its role in promoting chromatin
condensation (35). The results presented herein raise a novel
role for histone H1. It should be related to chromatin organi-
zation in the nucleolus, modulated in the cell cycle through
phosphorylation.
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